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Introduction
The rapid diffusion of open source software (OSS), the significant investments observed in OSS projects, and the new inter-firm collaborative possibilities enabled by such OSS projects have generated a substantial literature on the economics of OSS development. 1 At the core of this literature is the attempt to explain the puzzling motivation for individual programmers to make their products publicly available for others for free. With this research objective in mind, the existing literature focusses on the organization of OSS development, competition between OSS and proprietary software, innovation and knowledge diffusion within OSS projects, among others. 2 However, existing analyses have not considered systematically the economic impact of OSS on the economic performance of adopting firms. The question is: Do the considerable costs incurred in the adoption and incorporation of OSS by the firms using OSS in their daily operations pay off? Can the answer to this question explain why after a rapid process of diffusion, the market share of OSS solutions is still very low in comparison with proprietary or commercial software? Regarding computationally intensive processes at the firm level, is it reasonable to expect a wide adoption of OSS-based cloud computing in the future? This paper attempts to shed some light on these questions.
More specifically, this paper empirically analyzes the impact of the adoption of different types of open source software at the firm level on several measures of firm performance. The analysis is carried out for a representative sample of German manufacturing and service sectors. In particular, the analysis considers the impact of the adoption of three types of OSS (servers' operating systems, PCs' operating systems and general software applications) on firms' labor productivity (i.e. sales per employee) and innovative behavior (i.e. R&D intensities and value of introduced product and process innovations).
There are three main reasons that highlight the relevance of the present analysis. First, although it is well known that the quality embedded in OSS solutions is higher than in their commercial counterparts, the implementation of OSS requires advanced programming knowledge and potentially high learning costs. Moreover, given the important variability 1 See for example Lerner and Tirole (2002) , Johnson (2002) , Myatt and Wallace (2002) , Bitzer and Schröder (2005) , Bessen (2006) , and Bitzer, Schrettl, and Schröder (2007) .
2 See for example Kogut and Metiu (2001) , Franke and Shah (2003) , Franke and Hippel (2003) , von Krogh, Spaeth, and Lakhani (2003) , Lerner, Phatak, and Tirole (2006) , Xu, Christley, and Madey (2006) , Magnusson (2005, 2006) , Rossi and Bonaccorsi (2006) , Bitzer (2004) , Casadesus-Masanell and Ghemawat (2006) , Bonaccorsi, Giannangeli, and Rossi (2006) , and Economides and Katsamakas (2006a,b) . 1 observed in the profits of ICT intensive firms, it is reasonable to expect that for some firms, the adoption of OSS solutions represents a too costly alternative. However, whether the considerable costs incurred in the adoption and incorporation of OSS pay off in terms of economic performance remains an empirical question.
Second, OSS has been praised as a solution to overcome the market power of a few number of software producers (i.e. Microsoft). Indeed, given the 90% worldwide market share of Windows as an operating system for PCs, consumers might benefit from high-quality alternatives that provide additional competition in the market and more variety to final users. Accordingly, several economic policies are particularly oriented at encouraging the production, adoption and implementation of OSS solutions (e.g. European open source observatory).
However, to the best of our knowledge, there is no systematic analysis using representative data sets in order to guide economic policy in this area.
Third, there is currently an extensive debate about the future of internet and cloud computing. In particular, the recently launched Google Chrome OS, an operating system based on an OSS architecture, attempts to play a leading role in the future. Google's idea is to provide a simple-to-use open source operating system, combining Linux with Chrome, Google's browser, in order to develop web-based applications only. This paper argues that one way to evaluate whether it is reasonable to expect that firms can benefit from OSS-based cloud computing or not, is to analyze how firms that have already adopted OSS have benefited in terms of their economic performance.
Some of the arguments presented in this paper have been highlighted in the theoretical literature. For example, Kuan (2001) argues that the quality of OSS will in general be higher. The reason is that a provider of closed software does not know the needs of the consumers. If he cannot divide the market by a separating contract (i.e. offering a high quality software with a high price and a low quality software with a low price) he is forced to offer a software of middle quality with a middle price to serve both individuals with a low and a high willingness to pay. In contrast, open source software can be enhanced by the effort of the users, who know their needs. In an open source context the first-best quality can be achieved, whereas closed software leads only to a second-best solution due to asymmetric information. Johnson (2006) shows that the quality of closed source software is likely to be lower because the development of closed software in profit-oriented firms provides the programmers with an incentive not to search for bugs in the codes of their peers. The reason is that the number 2 of bugs found in the code can be used as a signal for the ability of the programmer. If programmers are paid according to their ability they may collude not to check each others code in order to avoid adverse effects on their wages. Further, Bessen (2006) states that OSS is a complement to closed source software. OSS will be used by firms who have complex and specialized needs that cannot be met by the standard software of closed software providers. In general, self-programming yields the first-best effort level for the development of software. Contracting over software programming is socially inefficient as each party gets only a fraction of the total surplus. This reduces the incentive to exert effort in order to improve the software. But self-programming requires that the end-user has the capabilities to programm software. This paper estimates a production function and an innovation equation in order to study the impact of the adoption of different types of open source software on firm performance.
The results show that the adoption of OSS operating systems for servers and general OSS applications has no impact on firm level labor productivity, while the adoption of OSS operating systems for PCs impacts labor productivity negatively. This result suggests that the adoption of this type of OSS represents learning costs that affect the output per employee negatively, at least in the short run. Moreover, the results also show that the adoption of open source operating systems for PCs affect the value of process innovations (i.e. the percentage of cost reductions due to the introduction of previous process innovations) positively. This result suggests that the adoption of OSS helps firms to optimize their computationally intensive internal processes. This interpretation is supported by the observed positive correlation between open source operating systems for servers and PCs, and firms' R&D intensities.
The paper is organized as follows. In section 2 the data used are summarized and the empirical strategy is presented. In section 3 the results of the analysis are shown. Section 4 concludes.
Empirical Analysis

Data
The analysis is based on two waves of a business survey carried out by the Centre for European The data set is a representative sample of the German manufacturing and service sectors, 3 and contains detailed information on the economic characteristics, performance and ICT use for 4,400 firms in each wave. Table 1 provides In general, the surveyed firms exhibit a great variability with respect to sales (in millions euros), number of employees, gross investments and labor productivity (i.e. ratio between sales and number of employees). In addition, the empirical distributions of these variables appear to be left skewed. In particular, the median level of sales of the surveyed firm corresponds to 5 million euros in 2006, whereas the average is 137.5 millions. This indicates the presence of few very large companies in the data. Analogously, the median size of the surveyed firms in terms of number of employees is 40 with an average of 295 for the same year. Gross investments show a similar pattern. In 2006, the median and average level of gross investments is 0.2 and 27.2 millions euros, respectively. The same also holds for the distribution of labor productivity where the median and the mean are 0.12 and 0.24 million euros per employee, respectively. The variability and the skewness of the distributions is in line with similar data sets on the firm level. Table 1 also includes information on the innovative behavior of the surveyed firms. In particular, the average level of R&D intensity defined as R&D expenditures as a proportion of the reported sales in 2006 is 8.8. As expected, the empirical distribution of the R&D incentives is also left skewed where only the highest quartile evidenced a R&D intensity higher than 10.0. In terms of the size of the R&D department defined as the proportion of employees that work in R&D, the behavior is similar. The average R&D department employed 11.8 percent of the total firms' employees.
In addition, information on innovation outputs is also available. This includes dummy variables indicating whether the firm introduced product or process innovations during the pe- Furthermore, Table 1 presents information regarding the use and intensity of ICT within firms for the year 2003. The intensity in the use of ICT is measured by the percentage 4 of employees working mainly with a PC (PCW) and is nearly equally distributed around the different percentiles with an average of 47.5 percent. Moreover, the data also provide information about different ICT software applications, namely enterprise resource planning (ERP), supply chain management (SCM) and customer relationship management (CRM).
The proportion of firms that adopted these applications in 2003 were 60.3, 39.6 and 50.4, respectively. Finally, 33.6 percent apply OSS in any form. Table 2 shows how the use of OSS are related to different firm characteristics. Firms using open source software have a higher fraction of employees working with PCs, a higher R&D intensity and a higher fraction of R&D employees regardless of which type of OSS is considered.
Additionally, firms using OSS appear to benefit more from innovations. In comparison with firms that do not use open source software they can generate roughly a 5 percentage points higher fraction of their sales with new products and roughly a 2 percentage points higher cost reduction in their total costs. With respect to labor productivity, firms using open source software for their server operating systems have higher, but firms using open source software for PC operating systems and software applications have lower labor productivity.
Empirical Modeling
As shown in Tables 1 and 2, the available data suggest that the adoption of OSS might affect firm performance in terms of productivity and innovative behavior. However, descriptive statistic do not provide enough evidence that supports the causality and/or robustness of such relationship. In order to find out how persistent the descriptive correlations are and to what extent they can be interpreted as causal effects, multivariate analyses are conducted in the following. The basic empirical relationship considered in the econometric analysis takes the following form:
where Y is a measure of firm performance, OS corresponds to the adoption of open source, ICT accounts for the ICT infrastructure within the firm, and X is a vector of relevant covariates.
The time indices t and t − 1 refer to 2006 and 2003, respectively. In analyzing the empirical relation presented in equation (1), the paper explicitly considers the following issues. First,
given the expected benefits in firm performance attached to the adoption of OSS (and that 5 motivates its introduction in the first place), it is reasonable to expect the analysis to be subject to endogeneity problems. In the next subsection the paper discusses the extent of these problems and the identification strategy.
Second, the available data allow the analysis to account for several types of OSS that were observed to be adopted by the sample firms. In particular, the econometric analysis considers three types of OSS: i) OSS operating system for servers; ii) OSS operating system for PCs;
and iii) OSS applications. Each type has its own objective within the firm and this aspect is considered in the results obtained in the analysis. Third, the analysis benefits from a rich set of covariates available from the ICT survey. In particular, the econometric specifications control for the extent of the ICT infrastructure within the firm, as well as firm specific, sectoral and location variables. The importance of these covariates will become apparent when our identification strategy is made explicit.
Fourth, in order to measure performance, the analysis uses two main variables, labor productivity and innovative activity. Labor productivity is specified as follows:
where y i,t is labor productivity for firm i at time t measured as sales per employee in natural logarithm, A corresponds to the firm level productivity not accounted for by the use of inputs, l i,t is the firm's number of employees (in logs.), k i,t is the firm's capital stock proxied using the firm's gross investments (in logs), OS i,t−1 is the type of open source adopted by firm i, and ICT i,t−1 corresponds to the firm's ICT infrastructure. In particular, ICT i,t−1 can be vector-valued considering a wide set of ICT variables, and X i,t are relevant covariates available in the data set. The objective of the analysis is to estimate the parameter γ.
As an alternative measure of firm performance, the analysis also considers the innovative activity at the firm level. The analysis of the impact of open source adoption of firms' innovative behavior is not only interesting in itself, but permits to see more directly whether the impact of the adoption of open source on the firms' labor productivity is driven by its effect on innovative activities.
In order to study the impact of open source on innovation, the econometric analysis estimates the following relationship:
where I i,t corresponds to a measure of innovative activity and the remaining variables are similar to the specification presented in equation (2), although the set of covariates might change in order to account for a better fit of the innovation equation. In particular, the variables for I i,t are the inputs, as well as the outputs of the firms' innovative activity presented
in Table 1 and 2. As before, γ is the parameter of interest.
Identification Strategy
The objective of the paper is to consistently estimate the parameter γ. In particular, the main 
Open Source and Productivity
As explained above, the analysis estimates the production function presented in equation (2). In all the specifications industry, export activity and location dummies where included and exhibited the expected signs. Exporting firms are on average more productive than non-exporting firms and firms located in east Germany tend to be less productive than their western counterparts. Regarding OSS, the adoption of OSS operating systems for servers (OSSRV ) and general OSS applications (OSAPP ) in 2003 did not evidence any impact on the firms' labor productivity in 2006. This result was obtained for a wide set of alternative specifications.
In particular, columns 1-3 in Table 3 show some estimates of the impact of the adoption of tool, then it can be expected that they play no specific role in the main activities of the firm.
Moreover, the fact that OSAPP does not affect labor productivity can also be explained if most of the surveyed firms adopted some form of OSAPP, making no difference between adopters and non-adopters. However, even though the data are not specific about the extent of the adoption of OSAPP, the available information reveals that such OSAPP were not a common tool in 2003. That is, only 19.8% of the surveyed firms reported the adoption of OSAPP. Therefore, the absence of an impact of OSAPP on labor productivity suggests that they played a minor role in the main activities of the firm.
Interestingly, the adoption of open source operating systems for PCs (OSPC ) does impact labor productivity negatively. Table 4 shows the results of this analysis. As a benchmark, column 1 presents the estimates from an OLS regression. The coefficients on the main inputs, labor and investments, exhibit the expected sign and magnitude, and the adoption of OSPC is negatively related to labor productivity. Thus, the negative relationship already found in the descriptive statistics (Table 2) persists after controlling for additional factors. In particular, this result still holds after controlling for the firms' ICT infrastructure (i.e. ICT intensity and use of ICT applications). This finding suggests that the adoption of OSPC corresponds to a major part of the ICT infrastructure of the firm. If it were just a minor fraction, the coefficient of OSPC should become insignificant after the ICT infrastructure is controlled for.
Columns 2-6 follow an instrumental variables approach, similar to the one presented in Table   3 . Column 2 presents a basic specification using the main inputs of production and a set of general control variables. As can be observed, OSPC exhibits no statistically significant impact on labor productivity. Note, however, that the model estimated in column 2 does not control for firms' ICT infrastructure. Column 3 considers the role of the intensity of ICT use.
Under this specification, OSPC exerts a negative impact on labor productivity, as suggested by the OLS analysis presented in column 1 and the descriptive statistics. The coefficient of OSPC is -0.1121 with a standard error of 0.0637. Although this coefficient is only significant at the 10%-level, it is robust to different specifications. In particular, the negative impact of OSPC on labor productivity still holds when ICT applications are considered in the analysis, as is the case in column 4 where the coefficient of OSPC is -0.1212 (std. error: 0.0628).
In terms of the magnitude of the coefficients, these results suggest that the marginal impact of the adoption of OSS in the form of PC operating system reduces labor productivity by 9 12.1%. We consider this magnitude to be a considerable amount. That is, and calculating the marginal effect of a log-linear model, the introduction of this form of OSS represents a reduction in sales per employee of approximately 15, 25 and 48 thousand euros for firms at the 50th, 75th and 90th percentile of the labor productivity empirical distribution, respectively.
The results from columns 1-4 in Table 4 imply that the costs of successfully adapting OSS operating systems in the PCs within the firm significantly affect the output per employee. This is consistent with anecdotal evidence suggesting that for average employees (i.e. not ICT specialists) the implementation and use of OSPC can be costly, as time has to be invested in learning to cope and take full advantage of the adoption of OSPC. In addition, note that the results might be underestimating the real impact of OSPC because the firm's employees might require time in order to exploit the merits of the open source strategy.
In particular, given the costs associated with the implementation of OSPC, it is reasonable to expect that firms adopting OSPC provide extra ICT-related qualification to their employees.
The available data also permits to test the validity of this assumption. This result supports the interpretation that the adoption of OSPC requires time to provide productivity benefits to the firm. That is, if providing ICT extra qualification is enough to allow the firm's employees to reap the benefits of the adoption of OSS, then the coefficient on ICTQ should be positive and the coefficient of OSPC should become smaller or statistically equal to zero. However, this is not the case and the results are robust to different specifications. Note that the fact that the coefficient of ICTQ is insignificant does not mean that such qualification is unproductive. It suggests that its benefits might be enjoyed in the future and the cross sectional approach presented in Table 4 is not able to capture its impact.
As an additional test, column 6 analyzes whether contracting external ICT specialists might reduce the magnitude of the negative impact of OSPC on productivity. In particular, the econometric model considers the preferred specification of column 4 and includes information on whether the firm contracted external ICT consultants in 2003 and/or outsourced its ICT schooling in the same year. As in the case of column 5, the coefficients of the variables on contracting external ICT specialists is insignificant and the coefficient of OSPC maintains its magnitude and statistical significance.
The results presented in column 6 should be interpreted with caution. The reason is that,
given the benefits of ICT consulting are reaped in the future, this variable can be subject to endogeneity problems. However, the fact that the impact of OSPC on productivity remains robust to alternative specifications, provides some confidence in the results reported.
Open Source and Innovation
In this subsection, the analysis estimates the model presented in equation (3). Similar to the results obtained for the analysis of OSS and labor productivity, the only type of OSS that exhibited a significant impact on the firms' innovative activity was OSPC. In consequence, the analysis is focused on this type of OSS but the general results are available upon request.
Building on the results concerning the firms' labor productivity, if the objective of OSPC is to reduce operating costs, then it can be expected that OSPC affect the value of the process innovations introduced in the firm. That is, if OSPC is used by a firms' employees, and those employees identify and develop new process innovations, then the adoption of OSPC could be related with the value of such innovations. This relationship could be either positive if OSPC contributes to the optimization of the firms' internal processes, or negative if such adoption is too costly (as suggested by the results on labor productivity).
In order to explore this relationship, Table 5 presents was 2.1 percentage points higher for firms that adopted OSPC in 2003. This is a considerable impact given the mean of the empirical distribution of the value of such innovations (5.9%).
Columns 2-3 introduce the role of the firm's ICT infrastructure, showing a similar magnitude for the coefficients for OSPC, although their significance was reduced to 5%. These results suggest that even though the implementation of OSPC might reduce sales in the short run (as shown by the results on labor productivity), it has an independent positive impact on the efficiency of the introduced process innovations. These results are consistent with the interpretation that firms use OSPC to optimize their internal processes. Moreover, this positive impact of OSPC on innovative output highlights the benefits of a tailored ICT infrastructure. As a result, and to exploit those benefits, it is reasonable to expect that the introduction of OSPC might be related with the incentives to perform R&D. In order to consider such implication, the conditional correlation between OSPC and R&D incentives is presented in Table 6 .
The first three columns presented in Table 6 correspond to the analysis of the impact of OSS on the firms' R&D intensities, defined as total expenditures as a percentage of sales. In particular, the results show that the adoption of OSS operating systems for servers and PCs (OSSRV and OSPC ) is positively correlated with the firms' R&D incentives (Coeff: 0.091, std. error: 0.0145). This result also holds when the dependent variable considered is the size of the R&D department, defined as the total number of R&D employees as a proportion of total employees and presented in columns 4-6. In addition, perhaps not surprisingly, the introduction of general OS applications (OSAPP ) does not seem to influence the extent of R&D within firms. The magnitude and significance of the coefficients reported for the three types of OSS in Table 6 are robust to alternative specifications.
These results suggest that given the benefits associated with the adoption of OSS with respect to the efficiency of the introduced process innovations, the firms might evidence an extra incentive to invest in R&D. It is important to note that the results presented in Table 6 only corresponds to conditional correlations and cannot be interpreted as a causal relationship.
Conclusions
This paper empirically studies the impact of the adoption of OSS on firm performance. The results show that the adoption of OSS operating systems for servers and general OSS appli-12 cations has no impact on firm level labor productivity, while the adoption of OSS operating systems for PCs impacts labor productivity negatively. This result implies that, indeed, the adoption of this type of OSS might represent learning costs that affect negatively the output per employee, at least in the short run. Moreover, the results also show that the adoption of OSS operating systems for PCs affects the value of process innovations (i.e. the percentage of cost reductions due to the introduction of previous process innovations) positively. This result suggests that the adoption of OSS might help firms to optimize their computationally intensive internal processes. This interpretation seems to be supported by the positive correlation observed between OSS operating systems for servers and PCs, and firms' R&D intensities.
13 Robust standard errors in parenthesis. Industry dummies included. ***, **, * depict significance at the 1%, 5% and 10% level respectively. 
